Mitochondrial DNA ( mtDNA) sequences that include (a) a part of the cytochrome b gene, (b) two tRNA genes, and (c) a part of the noncoding D-loop region of 3 1 Anguilla japonica (Japanese eel) and 1 A. marmorata collected from Taiwan, Japan, and mainland China were determined to evaluate the population structure of Japanese eel. Among 30 genotypes identified from the 3 1 Japanese eel mtDNAs sequenced, there are 58 variable sites, predominantly clustered at the D-loop region. The phylogenetic tree constructed by the unweighted pair-group method with arithmetic mean shows neither significant genealogical branches nor geographic clusters. Furthermore, the sequence-statistics test reveals little, if any, significant genetic differentiation. These results indicate that the 3 1 Japanese eels might come from a single population. Analysis of sequence variation in mtDNA by using the relationship between the number of segregating sites and the average number of nucleotide differences under the neutral mutation hypothesis reveals that neutral mutation acts as a major factor influencing the evolutionary divergence of the Japanese eel mitochondrial genome sequenced, especially in the noncoding region.
Introduction
Japanese eel (Anguilla japonica) is one of 18 species of genus Anguilla that distributes widely in Taiwan, mainland China, Japan, and Korea (Ege 1939; Jespersen 1942) . As a catadromous fish, the Japanese eel possesses a mysterious and specific life history that is poorly understood. For a long period of its life, from the juvenile stage to the long sedentary growing stage ( -5-20 years), Japanese eel inhabit freshwater areas. After sexual maturation, adult eel migrate and breed thousands of kilometers away in the ocean (Tsukamoto 1992) . The parents sacrifice their lives after breeding; their hatched progeny have been named "leptocephali." Leptocephali larvae disperse, through passive transport by the Kuroshio current. After drifting for 4-6 mo toward coastal regions, the larvae metamorphose into translucent elvers, when affected by water salinity, temperature, and maybe some other unknown factors. Then, the elvers actively enter fresh water and reside there.
Because of the great economic importance of Japanese eel aquaculture, artificial reproduction has been attempted for many years, so far unsuccessfully.
Most elvers used in artificial aquaculture are caught as fry al river mouths or seashores. Since the details of its lifi cycle have not yet been fully understood, "Where dc Japanese eel come from?" has been an unsolved puzzk for ~60 years. To answer this question, researchers have been attempting to locate the spawning ground of Jap anese eel, and some suggestions have been made under the assumptions that the distribution of Japanese eel i! passively controlled by the Kuroshio current and thal the spawning ground (s) should be close to the axes 01 the current. It was first proposed that, according to the locations at which the smallest leptocephali had beer collected, the spawning ground was located in the ocear east of Taiwan and south of Okinawa (Matsui and Taka: 197 1) . Over the years, other spawning grounds, includ. ing a more southward one, have been reported (Kuc 1971; Chen 1975; Tabeta and Mochioka 1988) , but from the location at which the smallest size of leptocephal were collected in the latest marine survey, Tsukamotc ( 1992 ) and his colleagues determined that the Japanese eel spawning area should be in the north equatorial current, west of the Mariana Islands. This conclusion shall comprise the scenario that Japanese eel collected from all localities are from the same breeding ground.
Because of the difficulty in applying the traditional methodology to the population study of the nearly undetectable catadromous eels, the puzzle of the North Atlantic Anguilla populations was not resolved until the 1970s when a series of allozyme electrophoretic studies (Sick et al. 1962 parini and Rodino 1980; Jamieson and Turner 1980) demonstrated the genetic validity of the specific designations A. rostrata and A. anguilla, as well as supported Schmidt's theory, which assumed that both European and American eels return for spawning to the Sargasso Sea (Schmidt 1922) . However, the magnitude of genetic differences between these two forms of Atlantic eels were not as great as those in other categories of organisms (Williams and Koehn 1984) . Furthermore, the use of restriction-site data on mitochondrial DNA (mtDNA) to reevaluate the Atlantic eel populations revealed the discrete genetic uniqueness of the two forms and, therefore, reinforced the previous suggestion that these forms belonged to distinctive spawning populations (Avise et al. 1986 ). In the case of the Japanese eel, the only available genetic data suggested no statistical differences, at the 6-P gdh, Idh, and Got-3 loci, between samples collected from Japan and southeastern mainland China, which are -2,000 km apart (Taniguchi and Numachi 1978) .
Because of the maternal inheritance and relatively faster evolutionary rate of mtDNA in vertebrates, these organelle genetic materials have been used to address many biological questions, such as geographic population structure (Avise et al. 1986; Baker et al. 1990; Bowen and Avise 1990) . In this article, we determined sequences of 3 1 individual Japanese eel mtDNAs, collected from Taiwan, Japan, and mainland China, in the region including a part of the cytochrome b gene, two complete tRNA genes, and a part of the D-loop region, which is the highly variable noncoding region described by mammalian mtDNA sequence analyses (Brown et al. 1
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diagram of the amplified region of Anguilh juponica mtDNA and the three oligonucleotides, designated "P 1," "P2," and "P3," used as PCR and DNA-sequencing primers. The locations of these primers on the amplified region of A. juponicu mtDNA are indicated by arrows. 1986; Saccone et al. 1987; Southern et al. 1988) . These sequence data allow us to analyze the population structure of the Japanese eel by using the branching pattern in the genealogical tree and the sequence statistics. We also compared the number of segregating sites with the average number of nucleotide differences to test whether these genetic diversities are influenced by neutral mutation (Tajima 1989 ).
Material and Methods

Sample Sources
Thirty-one Japanese elvers and one Anguilla mar. morata elver were collected from various localities ir Taiwan, Japan, and mainland China between 1987 ant February 1993 ( fig. 1 and table 1 ) . These samples cove] the major areas influenced by the Kuroshio current.
Amplification and Sequencing of mtDNA
Crude DNA was extracted from muscle, as de, scribed by Kocher et al. ( 1989) . Three 25bp oligonu, Genotype no. 
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. 30. Japan8 . . 0  1  2  0  2  2  3  2  1  1  1  2  1  0  1  1   3  2  2  2  2  2  2  2  3  3  3  2  3  3  3  4  4  2 cleotide primers were used in the amplification and sequencing of mtDNA, from the cytochrome b gene to the D-loop region ( fig. 2) . The nucleotide positions of primers PI and P2 correspond to nucleotides 16280-16304 and 336-358, respectively, of the mtDNA sequence of an indigenous oriental stream loach, Crossostoma lacustre (Tzeng et al. 1992 ). The polymerase chain reaction (PCR) protocols consisted of 35 alternating cycles of 30 s at 94°C for denaturation, 1 min at 50°C for annealing, and 1.5 min at 72°C for extension (Innis et al. 1990 ). The -800-bp DNA fragment produced was verified on a 2% agarose gel. This DNA fragment was then reamplified in order to generate single-stranded DNA (ssDNA) by following either the procedure of Higuchi and Ochman ( 1989) or the asymmetric PCR method (Gyllensten and Ehrlich 1988) . The resulting ssDNA fragment was purified by agarose gel separation, electroelution, and phenol /chloroform extraction (Sambrook et al. 1989 ). The purified ssDNA was resuspended in 7 p.1 double-distilled Hz0 and used as tern plate for DNA sequencing.
Sequencing was performer by the dideoxy chain-termination method (Sanger et al 1977) using the Sequenase kit (version 2.0, United State Biochemical, Cleveland),
England Nuclear), and primers comple mentary to the template. Tag DNA polymerase (Perkir Elmer Cetus), one unit for each reaction, was added tc the labeling mix, and the extension/termination reactior was carried out at 72°C in order to eliminate certain compression zones in the gel. The sequencing reaction products were electrophoresed in a 6% acrylamide/ 7 b urea gel, and the gel was fixed, dried, and visualized b exposure to X-ray film for 12-72 h (Sambrook et al 1989) .
Sequence Analyses DNA sequences from the cytochrome b gene to thl D-loop region of the mtDNA of 3 1 A. japonica and 
A. marmorata were compared with the published mtDNA sequences of white sturgeon (Brown et al. 1989) and C. lacustre (Tzeng et al. 1992) . Sequence alignments were accomplished with the Pileup program of the software package GCG (Genetic Computer Group, version 7.0, University of Wisconsin; Devereux et al. 1987 ) on a VAX/VMS 5.5 operating system. The inter-and intraphylogenetic relationships were constructed by the unweighted pair-group method with arithmetic mean (UPGMA) by using the values of the sequence-similarity matrix ( Sneath and Sokal 1973) ) which were estimated from the whole sequence of each pair by using the Distances program of the GCG software. For analysis of the population structure of Japanese eel, pairwise sequence distance was formulated according to the maximum-likelihood method (Felsenstein 198 1 )-after weighted modification, of (a) 6: 1 for unequal rates of transitions and transversions and ( b) 7 : 15 : 4 : 1: 5 for different rates of change in different DNA fragments-by the DNAdist program in the software package PHYLIP ( Felsenstein 1990 ) .
Results
Sequence Features
The positions of the 3 1 Anguilla japonica and 1 A. marmorata mtDNAs sequenced were determined by comparing their sequence similarities with those of other fish (Brown et al. 1989; Tzeng et al. 1992 ). The mtDNA sequences contain a part of the cytochrome b gene, the complete tRNATh' gene, the complete tRNAho gene, and a part of the D-loop region, whose lengths are 105, 76, 73, and 487 bp, respectively. The mtDNA sequences of Japanese eel (Ssl ) and A. marmorata (Am3203) are given in figure 3 . The average sequence similarity among the 3 1 Japanese eel mtDNAs sequenced is 98.9%, while the similarity between A. japonica and A. marmorata is 78.2%. Among 30 genotypes identified from 3 1 individual mtDNAs sequenced, there are 58 variable sites re- . .
SOURCE.-Felsenstein
( 1990). a The mtDNA sequence of sample HKLs2 is identical to that of sample TTsl.
sulting from 60 mutational events ( fig. 4) . Sequencevariation events were predominantly due to transitions (n = 46)) followed by transversions (n = 9)) and single base-pair insertions/deletions ( n = 5 ) .
Nonrandom Distribution of Nucleotide Substitutions
We divided these mtDNA sequences into different segments-the cytochrome b gene; the tRNA genes, the D-loop right (R) domain, the D-loop central (C) domain, and the D-loop left (L) domain-in order to examine the distribution of the variable sites among these sequences. From table 2, it is clear that, of the D-loop regions that have been sequenced, the distribution of variable sites shows a conspicuous peak in the C domain (n = 40) and that the L domain (n = 8) and the R domain (n = 5) contain fewer variable sites. On the other hand, all of the tRNAP'" gene sequences are identical, and altogether only five variable sites are found in the partial cytochrome b gene (n = 3) and the tRNATh' gene (n = 2). It is apparent that the distribution of variable sites is clustered in the C domain of the sequenced D-loop and is sparse in all the other regions.
Homogeneous
Diversity of Genotypes
The phylogenetic tree constructed by UPGMA is shown in figure 5 . From this molecular tree, two pieces of information can be obtained. First, the molecular data can easily distinguish A. japonica from A. marmorata, though their morphologies are not distinguishable from each other at their larval stages; on the other hand, no significant genealogical branches can be observed among the 3 1 Japanese eels. Second, no significant clustering that corresponds to sampling dates and localities can be observed. These results indicate that the 31 Japanese eel, which have been collected over a period of 7 years and from widely different localities thousands of miles apart, could not have come from two reproductively isolated populations.
This primary evidence is not in agreement with the suggestion elsewhere (Chen 1975) that there are two isolated spawning grounds. To check the genetic data further, we have used the maximumlikelihood method (Felsenstein 198 1) with given weights of 6 : 1 for unequal rates of transitions and transversions (table 3 ) and 7 : 15 : 4 : 1: 5 for different rates of change in different DNA segments-namely, the partial cytochrome b gene, the tRNA genes, the R domain, the C domain, and the L domain (table 2); respectively (Felsenstein 1990) . Table 4 presents the matrix of pair-wise sequence differences among these 30 genotypes. To examine whether the samples from the three major localities-Taiwan, Japan, and mainland China-are, in fact, a random sampling from a single population, the sequence statistics (Hudson et al. 1992) ) using the weighted-distance matrix data, are employed to analyze the population structure of the samples. The results show that the weighted average number of pairwise sequence differences (KS = 0.0 123) from within each localityTaiwan, Japan, and mainland China-is nearly the same as the average number of pair-wise sequence differences ( Kt = 0.0 125) regardless of their localities. The value of KS, (0.016) is ~0, a value expected under the null hypothesis; therefore, it is not significant enough to reject the null hypothesis. From the results of this statistical test, the sequence-statistics test, it is reasonable to suggest that these 3 1 Japanese eel samples are from a single population.
Testing Neutrality
To test the neutral mutation theory, Tajima ( 1989) presented a statistical method using the relationship between the number of segregating sites (Kimura 1983) and the average number of nucleotide differences (Tajima 1983) . The theory assumes that each new mutation occurs at a new site (the "infinite site" model) and that the steady state with respect to mutation and random genetic drift is achieved. Applying the Tajima statistical method (Tajima 1989) to the three segments of the mtDNA sequences (the partial cytochrome b gene, the -Genealogical tree relating mtDNA of 3 1 Japanese eels and that of 1 Anguillu marmorata as an outgroup, constructed by UPGMA (Sneath and Sokal 1973). tRNA genes, and the D-loop domains), we find that the Tajima statisticsDcytochrome b ( -1.2393 ) , DtRNAs ( -1.0223 ) , and DDloop (-0.2755)-are not significantly different from 0 (table 5 ), so we can conclude that the DNA variation of the Japanese eel mtDNA sequenced might be influenced by neutral mutation.
Discussion
Owing to a catadromous life history, common eel have been thought to be one of a few truly panmictic species in biology (Futuyma 1986 ). This conventional view is quite consistent with the scheme that they are "homing" for breeding, and an extremely large number of eel from widespread inland freshwater habitats go back to their birthplace at roughly the same time to insure the preservation of their "gene pool." This kind of migration, together with the random pelagic larvae distribution, is expected to cause a much higher frequency of gene flow, which in turn is likely to prevent a restricted adaptation to the narrow range of environments from which they came (Slatkin 1987) .
Here we present a study of mtDNA sequences that can properly analyze the population structure and that permit us to study the factors influencing mtDNA sequence variation of Japanese eel. After determining mtDNA sequences of the Japanese eel samples collected, we confirmed that the L domain, as defined elsewhere (Brown et al. 1986 )) was the most variable region, and that the cytochrome b, tRNAP", and tRNAThr genes were very conservative regions of the mitochondrial genome of most vertebrates ( Hoelzel et al. 199 1; Tzeng et al. 1992) . Therefore, we believe that the analysis of a fragment that consisted of a very conservative region in mtDNA, as well as the most variable region, could provide a representative and informative maternal genetic marker that could distinguish between population structures.
First, the molecular tree constructed by UPGMA shows neither significant genealogical branches nor geographic clusters among the 3 1 individuals ( fig.  5 ). Second, after the sequence-statistics test, the value (K,, = 0.16 ) is not significant enough to reject the null hypothesis. Therefore, these results suggest that the 31 Japanese eel collected from Taiwan, Japan, and mainland China belong to a single population.
These results disagree with the allopatric presumption that was presented elsewhere (Chen 1975 ) . Also, since the Kuroshio current, together with the continental and oceanic current conditions around Taiwan, would enable larvae from one spawning ground to drift and be recruited all around the island (Chen and Wang 1990)) we would like to decline another previous suggestion that Japanese eel come from the South China Sea, because Japanese eel could be recruited from the rivers of the eastern coast of Taiwan (Kuo 197 1; fig. 1 ). The current view that Japanese eel are controlled by the Kuroshio current during the larval stage and that their breeding and hatching should not occur away from the bounds of the Kuroshio current has been supported by a recent oceanic survey (Tsukamoto 1992) . However, in light of their dispersal to such distant geographic localities and the much longer time they spend living in different freshwater systems in comparison with the drift time ( -6 mo), the questions of how well Japanese eel maintain their population structure and how they might adapt to different envi- ronments still remain to be answered. These questions should correlate with the genetic composition within a population or a species, and the evolutionary forces that drive the population structure of eel might be traced by analyzing their population genetic structures.
The analysis of sequence variation in mtDNA of Japanese eel by using the relationship between the number of segregating sites and the average number of nucleotide differences under the neutral mutation hypothesis (Tajima 1989) ) reveals that the genetic diversity of Japanese eel falls in the range predicted by the assumption of neutral mutation. That is, neutral mutation acts as a major factor influencing the evolutionary divergence of Japanese eel mitochondrial genomes, especially in the noncoding D-loop region, which shows the smallest departures from the neutral mutation model (table 5; D = -0.2755, P 9 0.1). These results show that homogeneous diversity (no significant genealogical branches) exists among the samples collected from distant localities and that the neutral mutation that strongly influenced the levels of genetic variation in mitochondrial genomes of Japanese eel might be contributed by their catadromous life history.
Sequence Availability
The nucleotide sequences reported in this paper have been submitted to the GenBank/ EMBL Data Bank, with the following accession numbers: M95867 (JAPANl), M95868 (JAPAN2), M95859 (TTsl), M95870 (TTs2), M95871 (TSrl), M95872 (TSr2), M95873 (DC2), M95874 (December), M95875 (CKl), M95876 (LCl), M95877 (LC2), M95878 (Ssl), M95879 (LC3), M95880 (SS~), M95881 (HKLsl), M95882 (HKLs2), M95883 (TC125 1 ), M95884 (TC1252), M95885 (TC2201), M95886 (TC2202), M95887 (TC9242), M95888 (AM3203), L13335 (AMl), L13336 (AM2), L13337 (AM3), L13366 (AM4), L13367 (JAPAN3), L13368 (JAPAN4), L13369 (JAPANS), L13370 (JAPAN6), L13371 (JAPAN7), and L13372 (JAPAN8); the code of each individual sample is in parentheses following its accession number.
